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This thesis reports the rheological properties of algae slurries as a
function of cell concentration for three microalgae species: Nannochloris sp.,
Chlorella vulgaris, and Phaeodactylum tricornutum. Rheological properties of
algae slurries have a direct impact on the agitation and pumping power re-
quirements as well as process design for producing algal biofuels. This study
measures the rheological properties of eight different concentrations of each
species ranging from 0.5 to 80 kg dry biomass/m3. Strain-controlled steady
rate sweep tests were performed for each sample with an ARES-TA rheome-
ter using a double wall couette cup and bob attachment. Shear rates ranged
from 5 - 270 s−1, corresponding to typical expected flow conditions. The
results showed that Nannochloris sp. slurry behaved as a Newtonian fluid
for concentrations up to 20 kg/m3. Samples with concentrations above 40
kg/m3 behaved as a shear thinning non-Newtonian fluid. The effective vis-
cosity increased with increased biomass concentration for a maximum value
of 3.3x10−3 Pa-s. Similarly, C. vulgaris slurry behaved as a Newtonian fluid
vi
up to 40 kg/m3, above which it displayed a shear thinning non-Newtonian
behavior and a maximum effective viscosity of 3.5x10−2 Pa-s. On the other
hand, P. tricornutum slurry demonstrated solely Newtonian fluid behavior,
with the dynamic viscosity increasing with increasing biomass concentration
for a maximum value of 3.2x10−3 Pa-s. The maximum observed effective vis-
cosity occurred at a concentration of 80 kg/m3 for all three species. More-
over, an energy analysis was performed where a non-dimensional bioenergy
transport effectiveness was defined as the ratio of the energy content of the
transported algae biomass to the sum of the required pumping power and the
harvesting power. The results show that the increase in major losses due to
increase in viscosity was overcompensated by the increase in the transported
biomass energy. Also, cultivating a more concentrated slurry requires less de-
watering power and is the preferred option. The largest bioenergy transport
effectiveness was observed for the slurries with the largest final dry biomass
concentrations. Finally, the relative viscosity of algae slurries was modeled
using a Kelvin-Voit based model for dilute and concentrated viscoelastic par-
ticle suspensions. The model, which depends primarily on the packing factor
of the algae species, agrees with the measured viscosity with an average error
of 18%, while the concentrated particle suspension model was slightly more
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The present study addresses the energy use of algae slurry transporta-
tion by pumping. In particular, the study focuses on the rheology of three algal
species in order to determine the pumping power requirements for use in biore-
fining practices. The objective of this chapter is to present the motivations for
the development of such a technology from economic, social, and environmen-
tal perspectives. Moreover, the chapter describes the specific objectives of the
research and concludes with the organization of the document.
1.1 Algae as a Sustainable Hydrocarbon Source for Bio-
fuel Production
The world is also facing the formidable challenge of air pollution and
climate change due to emission of large amounts of greenhouse gases from
extensive use of fossil fuels [4]. Marland et al. [5] reported that since 1751
approximately 315 billion tons of carbon have been released to the atmosphere
as a result of fossil fuel consumption. This resulted in an increase in the
atmospheric CO2 concentration from about 280 ppm in 1750 to about 375
ppm in 2004 [6]. In 2005, the global carbon dioxide emission rate reached 27
billion tons per year [7] corresponding to 4.22 tons of CO2 per capita per year
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[7]. This rate is about 2.5 times the capacity of natural systems such as forests
and oceans to absorb the CO2 [8]. In other words, for the CO2 emissions to be
in balance with the capacity of natural sinks, fossil fuel consumption has to be
reduced by 40% [9]. Consequently, the growing energy needs will necessitate
much greater reliance on a combination of fossil fuel-free energy sources and
on new technologies for capturing and converting CO2. One such fossil-fuel
free energy source is algal biofuels.
Green algae are eukaryotic microorganisms capable of using sunlight as
their energy source, water as their electron source, and CO2 as their carbon
source to photosynthesize, producing O2 and biomass [2]. Algal biomass, which
is composed of carbohydrates, proteins and lipids, offers a carbon neutral and
renewable feedstock for producing a diverse portfolio of products including
biofuels, plastics, pharmaceuticals, animal feed, and fertilizer [10–12]. In par-
ticular, hydrocarbon feedstock production from algal lipids holds significant
advantages as (i) algae potentially have 100 to 300 times larger oil production
rate than conventional agricultural crops such as canola and soy bean, (ii) de-
pending on strain and cultivation conditions, algae can produce hydrocarbons
20 to 50% of their dry biomass weight, (iii) cultivation of algae does not require
arable land and does not displace natural CO2 sinks, and (iv) algae can use
marginal water resources such as salt water, waste water and brackish water
that are unsuitable for drinking or irrigation, thereby not competing with our
precious freshwater resources [10, 13].
To bring these advantages in perspective, let’s consider replacing the
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entire transportation fuels of the United States with biodiesel derived from
various crops. This would necessitate production of 0.53 billion gallons of
biodiesel annually [13]. Cultivating oil palm, the best oil producing crop with
a yield of 5950 liter per hectare per year, we would need to devote 48% of
United States’ cropping area, which is unfeasible [13, 14]. On the other hand,
cultivation of algae with 30% by dry weight oils, offers the potential to use
only 5% of the cropping area. However, this potential of algae has not been
realized yet, mainly due to challenges in the scale-up of the algae cultivation
and harvesting methods.
1.2 Algae Cultivation, Harvesting and Processing Tech-
nologies
Traditionally algae have been cultivated as suspended cells in open
raceway ponds and tubular closed photobioreactor systems as shown in Figure
1.1 [15, 16]. Open raceway ponds are inexpensive to build and operate but
suffer from small biomass concentrations (usually less than 0.5 kg dry cell
mass per cubic meter of liquid. Closed tubular photobioreactor systems can
cultivate the microorganisms up to 5 kg dry cell/m3 but they are very expensive
to build, operate and maintain [11]. The operational costs for these systems
mainly come from large power requirements for continuously mixing and/or
pumping large volumes of relatively dilute algae slurry and additionally, in the
case of closed systems, from air sparging. Air sparging is necessary to remove
the oxygen buildup in the closed tubes in order to prevent photo-oxidative
3
damage to the algae.
Figure 1.1: An aerial view of (a)algae cultivation facility in Hawaii, (b) a
raceway pond, and (c) a tubular photobioreactor.
1.3 Motivation
Recent energetic feasibility studies show that algal biofuels demonstrate
an energy return on investment less than unity [17, 18]. In other words, more
energy is consumed in the production of the biodiesel than is available from
the final biodiesel. These studies utilize the rheological properties of water
to estimate the pumping power requirements for traditional cultivation and
transportation methods. However, the down stream processing technologies
such as cell lysis, lipid extraction and separation require slurry with a con-
centration of 5% to 25% total suspended solids (TSS) which correspond to
about 50 to 250 kg/m3 algae biomass concentration [19]. Thus, most com-
mon cultivation technologies require an additional step of algae dewatering
and concentration at the cultivation site before transport to the biorefinery in
order to meet the algae biomass concentration requirements. The rheology of
4
these dewatered slurries deviates from the assumed effective viscosity of water
as the algae biomass increases, which in turn increases the pumping power.
Moreover, mixing is a critical factor in the productivity of raceway
ponds and photobioreactors as mixing directly affects the thermal and mass
(nutrients and waste metabolites) transport in these systems. In order to ac-
curately design these cultivation systems, with appropriate mixing conditions
as well as to estimate the power requirements of mixing, it is important to
know the rheological properties of algae slurries. To the best of our knowl-
edge, there is no comprehensive study reporting the rheological properties of
algal slurries that can be used in optimizing the cultivation, harvesting and
processing technologies and minimizing their energy requirements.
1.4 Objectives and Significance of the Study
It is expected that there will be an optimum algae biomass concentra-
tion that will maximize the transported biomass from the cultivation site to the
biorefinery at a minimum pumping power requirement. In order to determine
this optimum concentration and accurately predict the energy requirements
for pumping algal slurries, accurate knowledge of the rheological properties of
algal slurries as a function of cell concentration is necessary. This study reports
the experimentally measured rheological properties of three microalgae species,
namely (i) Nannochloris sp., (ii) Chlorella vulgaris, and (iii)Phaeodactylum tri-
cornutum.
The objectives of this study are to (i) experimentally measure the mi-
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croorganism cell geometry as well as the rheological properties of algal slurries
of three different microalgae and (ii) predict the rheological properties of the
slurry to the microorganism properties and the liquid phase using published
correlations. As a broader impact of this study, the latter aim can aid in using
rheometrical measurements to determine the physiological state of algae cells
during cultivation for quality and process control. This study will not only
provide critical information to assess and minimize the energy requirements
of algal biofuel production, but it will also enable better fundamental under-
standing of the rheology of algal slurries as complex fluids that can be used
for process control.
1.5 Organization of the Document
This thesis is divided into five chapters to enhance the readability of
the document. Chapter 2 provides background information about (i) non-
Newtonian rheology, (ii) parameters that affect the rheology of algae slurries,
(iii) dewatering processes for algal fuels, and (iv) the pumping power require-
ments. Chapter 3 presents the details of experimental methods used and the
results obtained in this research. Moreover, it defines the biomass pumping
effectiveness and biomass harvesting effectiveness. Chapter 4 presents a mod-
eling effort relating the effective viscosity of the algae slurries as a function
of culture parameters. Finally, Chapter 5 summarizes the conclusions drawn
from this study, and provides recommendations for future work.
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Chapter 2
Current State of Knowledge
This chapter provides background information about algae slurries,
non-Newtonian rheology, and pumping power requirements for Newtonian and
non-Newtonian fluids. Further, the parameters that affect the rheology of algae
slurries are discussed in detail. The aspects of common dewatering processes
are discussed and an average power requirement per concentration factor term
is defined. Finally, this chapter defines the bioenergy pumping effectiveness
and the bioenergy harvest effectiveness, which are non-dinemsional parame-
ters that characterize the energetic efficiency of the pumping and harvesting
processes.
2.1 Non-Newtonian Rheology of Algae Slurries
Algae slurries are complex fluids composed of (i) a liquid phase that
contain water, polymeric substances and dissolved salts, (ii) algae cells, and
(iii) insoluble solids. The liquid phase is generally expected to behave as a
Newtonian fluid [20]. However, the presence of polymeric substances in this
phase, such as extracellular polymeric substances (EPS), have shown to make
this fluid non-Newtonian [21]. Moreover, the presence of viscoelastic algae
7
cells and cell debris also leads to non-Newtonian behavior [22].
Algae slurries are considered to be viscoelastic, and thus display both
elastic and viscous behaviors under shear stress. Therefore, both the effective
viscosity, and the viscoelastic modulus are necessary to properly define the
non-Newtonian behavior. Figure 2.1 shows the deformation, i.e., strain, of
an non-Newtonian algae slurry element under shear stress. It indicates that
shear stress, τ , is a force applied in the direction of the fluid flow resulting in a
deformation defined as strain, γ [23]. Shear rate is the gradient of the velocity
in the direction of the applied shear stress.
For a Newtonian fluid, the shear stress is directly proportional to the
shear rate and the constant of proportionality relating the shear rate and shear
stress is the viscosity, and is defined as [24],
τ = ηγ̇ (2.1)
where τ is the shear stress, η is the Newtonian viscosity, and γ̇ represents the
shear rate.
Thus it can be seen that the viscosity is constant for any shear rate
and it can be used to represent the characteristic behavior of a liquid. How-
ever, for a non-newtonian fluid, the relationship between the shear stress and
shear rate is not constant, and may depend on factors such as the time and
or magnitude of the shear stress applied. In this case, one can consider an
”effective” viscosity, µeff , in which case the effective viscosity is the ratio of
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the shear stress at a specific shear rate. Thus, the effective viscosity for a
non-Newtonian fluid depends on the shear rate at which it is defined [25].
Figure 2.1: Deformation of an algae slurry under shear stress.
It is often useful to model the rheological properties of non-Newtonian
fluids in a form that can be substituted into Newtonian fluid calculations.
Models exist that are suited to several common non-Newtonian phenomena,
such as shear thinning and shear thickening behavior [26, 27]. A shear thinning
fluid is a fluid whose effective viscosity decreases with an increase in shear rate,
whereas a shear-thickening fluid effective viscosity increases with an increase
in shear rate. For basic shear thinning or thickening behavior, the Ostwald de
Waele model, otherwise known as the Power Law model is commonly used. It
defines the effective viscosity as a function of a consistency index, K, and a




For shear thinning fluids the power law index is less than one, whereas the fluid
is shear thickening if the power law index is greater than one. For Newtonian
fluids, the power law index is equal to unity and the consistency index K
represents the Newtonian viscosity, η [29].
Table 2.1 summarizes respective studies reported in the literature that
investigate the rheological properties of a diverse array of suspensions and
non-Newtonian fluids. The experimental methods for this study were chosen
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The viscoelastic properties of a fluid can be determined through induc-
ing oscillatory shear on the fluid. Oscillatory shearing applies a small shear
strain to the fluid that is a sinusoidal function of time, while monitoring the
shear stress response of the sample. The viscoelasticity of the fluid is governed
by the phase shift angle, δ, between the imposed shear strain and the response
shear stress. If the two vectors are completely in line, or δ equals zero, the
fluid is considered to be purely elastic. If the response shear strain lags behind
the imposed shear strain by π/2, then the fluid is purely viscous. Thus, the










The viscoelastic modulus, G, is defined as the L2-norm, or the square




(G′)2 + (G′′)2 (2.5)
where δ is the phase angle shift between the stress and strain vectors, τ is
the shear stress, and γ is the strain. In between the purely elastic and purely
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viscous extremes are four common suspension classifications: a dilute solution,
entanglement solution, a weak gel, and a strong gel. In a dilute solution, the
viscous modulus, G′′, is larger than the elastic modulus for the entire frequency
range. Whereas, an entanglement solution shows the modulii intersecting at
the middle of the frequency range at the point defined as the cross over or “gel”
point [34]. A weak gel has a higher elastic modulus than viscous modulus over
the frequency range, with the two modulii almost parallel. Finally, a strong
gel is similar to a weak gel, but the elastic modulus has a slope of zero [35].
2.2 Wall Slip
The presence of wall slip is typically neglected for pipe flow calculations
[24]. However, several types of fluids have demonstrated a slip velocity on the
wall of the pipe [32, 36]. The presence of wall slip accelerates the volumetric
flow rate of the fluid and can reduce the drag induced by the friction between
the fluid and the pipe. In order to aid future work in this study, a method for
determining the wall slip in a flow rheometer is outlined in this section.
The presence of a slip velocity at the wall can be determined using the
method outlined by Mooney [37] and further implemented on a flow rheometer
for dense suspensions by Chakrabandhu et al. [36]. The method considers the
measured volumetric flow rate Q̇ as the sum of a flow rate with no wall slip
Q̇ns and a flow rate due to the wall slip velocity us as [36],
13





Normalizing this expression by the wall shear stress and multiplying by the







where the slip coefficient β is defined as the ratio of the slip velocity to the
wall shear stress. In order to characterize the wall slip velocity experimentally,
Chakrabandhu et al. suggested to determine the wall slip coefficient by plot-
ting the left hand side of Equation 2.7 with respect to the packing factor at
a constant wall shear stress and evaluating the slope of this plot [36]. Figure
2.2 demonstates this technique for three example shear rates.
Figure 2.2: Determination of slip coefficients from 4Q̇
τwπDh
2φ and φ for different
values of τw.
Once the slip coefficient, β, is found, the slip velocity, us, is simply the product
of the slip coefficient and the measured shear stress, τ .
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2.3 Parameters that Affect the Rheology of Algae Slur-
ries
The key parameters which influence the rheological properties for algae
slurries are (i) packing factor, (ii) content of soluble solids and polymeric
substances in the liquid phase, (iii) surface charge of algae and pipes, and (iv)
the viscoelastic modulus of the algae slurry.
Packing Factor
The packing factor, φ, is defined as the ratio of the volume of the solids
to the total volume of the particulate slurry. An increase in the packing factor
increases the viscosity of particulate suspensions [38, 39]. The packing factor,
shown in equation (2.8), is governed by the cell shape and size distribution.
For example, a distribution of spheres yields a maximum packing factor of
4/7 [38], however elippsoids can yield a maximum packing factor of 3/4 [40].
The aspect ratio of the particulates in the slurry, defined as the ratio of the
maximum dimension of the particle to the minimum dimension of the particle,
also influences the packing factor and the rheology of the slurry [41]. Studies
by Gunes et al. show that particles of high aspect ratio develop preferred
orientation when subject to flow, and the anisotropy of the cells causes the





Several models exist correlating the packing factor to suspension viscos-
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ity. Stickel et al. performed a comprehensive study on the rheology of “dense
suspensions”, or suspensions where the average particle separation distance
is less than the particle radius. They suggest that as the volumetric packing
factor increases, the suspension will theoretically become more rigid and the
effective viscosity will approach infinity [38]. The review also generalizes that
suspensions behave as non-Newtonian fluids with a packing factor φ > 0.4.
Furthermore, Snabre et al. developed an expression that models the
shear viscosity of concentrated and dilute suspensions of viscoelastic particles.
The expression is based on the Kelvin-Voigt model, which models the fluid as
a perfect spring and damper in parallel, and takes into account the stresses
exerted on the viscoelastic particle by the surrounding medium. Numerical
results from the model show that Newtonian rheological properties were re-
covered from the dilute viscoelastic suspensions with the packing factor φ ≤
0.3, while non-Newtonian shear thinning viscosity behavior was recovered from
concentrated solutions with the packing factor φ > 0.3.
In this study, the packing factor can be generated for each sample by
correlating the cell number density, N , to the biomass density, X, using the
experimentally generated calibration curves. Then, using geometrical data
obtained from optical micrographs, the average volume of each cell can be
determined and the packing factor can be calculated.
16
Algae Slurry pH and Algae Cell Surface Charge
Each microalgae species has unique nutritional requirements for growth
and duplication. The nutrient media which supplies these nutrients contains
soluble solids that can affect the pH of the medium. Also, the algae alter
the pH of the medium as they consume these nutrients [2]. Nasser et al.
showed that significant changes in pH altered the viscoelastic modulus and
yield stress of kaolinite-sodium chloride suspensions [33]. As the pH of these
dense suspensions was increased, the elastic modulus G′ became negligible
due to the surface forces becoming repulsive. Thus, the viscous modulus G′′
dominated, increasing the “fluid-like” behavior of the slurry [33].
The cell surface charge, measured by the zeta potential, divulges in-
formation on the attractive and repulsive forces between the suspended cells.
When the absolute magnitude of the cells are high, the cells will maintain
separation and will not flocculate. Algae cells are known to flocculate once
the medium pH equals 4, which is the isoelectric point [43]. This flocculation
alters the cell size distribution, cell shape, and packing factor of the algae
slurry and will affect the viscosity as previously discussed.
Extracellular Polymeric Substances (EPS)
Many microalgae species are known to produce extracellular polymeric
substances (EPS) during cultivation, which is known to increase the effective
viscosity of the slurry [44, 45]. Lupi et al. reported that the viscosity of
Bottryococcus braunii UC 58 slurry increased from 1x10−3 Pa-s to 3.0 Pa-s
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over a 40 day growth period with the presence of EPS [45]. This microalgae
strain is especially known for EPS production, but weaker EPS producing
species such as Enterobacter sp. also showed an increase in effective viscosity
of the nutrient medium with increased EPS production [44].
2.4 Dewatering and Biomass Concentration Power Re-
quirements
Once microalgae for biodiesel has been cultivated, the biomass must
be harvested from the algae slurry and dewatered for down stream process-
ing. This process is energy intensive, contributing up 20-30 % of the cost of
producing the biomass [46]. Typical cultivation methods for microalgae pro-
duce low concentrations of biomass, typically with a yield of < 0.5 kg/m3 [15].
The slurry must undergo a dewatering process to separate the algae from the
nutrient media. Common methods are flocculation, sedimentation, filtration,
and centrifugation.
Flocculation is often implemented as a pre-treatment before sedemen-
tation, filtration, or centrifugation. A chemical known as a flocculant is added
to the dilute slurry that alters the surface charge of the algae cells, causing the
cells to aggregate together, thus increasing the effective diameter and mass
of the particle. The larger particles are easier to separate from the slurry
and enhance sedementation. Typical flocculants are nontoxic, do not affect
downstream processes, and are inexpensive. Examples of metalic flocculants
include ferric chloride (FeCl3), aluminum sulfate (Al2(SO4)3) and ferric sulfate
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(Fe2(SO4)3) [16]. Nonmetalic flocculants such as polyferric sulfate (PFS) are
also effective and are less invasive for applications such as animal feed [47, 48].
Flocculation requires low amounts of energy, however it is less time efficient
than centrifuging. After the biomass separates and settles to the bottom of
the settling chamber, the remaining medium can simply be poured off.
Filtration utilizes energy inputs to filter the biomass from the slurry.
Filter types include: vacuum filters, pressure filters [16], dead end filtration,
microfiltration, and ultrafiltration [49]. Vacuum filters and pressure filters are
effective for large microalgae species with major the major diameter ¿10µm,
such as Coelastrum proboscideum and Spirulina platensis. Smaller microalgae,
with the major diameter ≤ 10µm, can be filtered with the use of filter aids
such as cellulose or diatomaceous earth, however this is not practical for biofuel
applications since the earth is difficult to remove from the filtered microalgae
[46]. Fragile cells should use microfiltration methods to recover the biomass
[50]. However, pre-shearing of the cells through pumping or flowing through a
highly restrictive orifice should be neglected, since sheared cells foul filters at
a faster rate than non-sheared cells [51].
Centrifugation utilizes centripital momentum to separate matter with
different densities. Once the biomass has been separated out, the remaining
medium can be poured off. Centrifugation is a highly effecitive, time effi-
cient dewatering process where volumes of about 200 m3/hr can be processed
[11]. However, the power requirements and capital investments are large, since
many bioprocesing plants implement multiple stages of centrifuges to harvest
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the algal biomass from the slurry [11, 49]. Further, nutrient mediums with
high salinity degrade metal centrifuges over time, and require ceramic lined
centrifuges that increase capital investment of the dewatering process [11]. Fi-
nally, the high forces associated with centrifugation can shear delicate algal
cells, deforming the structure [16].
Mohn et al. investigated centrifuges and filters from several manu-
facturers and reported the available concentration factor (CF), defined as the
ratio of the final concentration, Xf , to the initial concentration, Xi, and power





We define this dewatering energy requirement, D , as the average of these
published dewatering process energy requirements. Table 2.2 summarizes the
average values for D reported in the literature for these technologies.
Table 2.2: Average Dewatering Energy Requirement [1]
Parameter D , (J m−3CF−1) D , (Wh m−3 CF−1)
Pressure Filtration 3.0x104 8.2
Vacuum Filtration 5.9x104 16
Centrifugation 6.2x105 170
The power required to harvest biomass, Ph, through each of these
dewatering methods can be estimated as the product of the dewatering energy
requirement and the mass flow rate of the fluid, or,
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Ph = D ūAp (2.10)
where ū is the average fluid velocity in the pipe, and Ap is the cross sectional
area of the pipe.
2.5 Pumping Power Requirements
The power required to pump an algae slurry includes the power nec-
essary to overcome (i) major losses in the pipe due to friction, hf , (ii) minor
losses due to fittings and geometry changes, and (iii) head losses caused by
changes in elevation. The major losses depend on the length of the geometry
of the pipe, average velocity of the bulk fluid ū, and the the Fanning skin





where L is the length of the pipe, and D is the diameter of the pipe. The skin





where τw is the shear stress at the wall and ρ is the experimentally measured
algae slurry density. Equation (2.12) indicates that the friction coefficient in-
creases with increasing shear stress, and thus is related to the effective viscosity
of the fluid.
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The skin friction coefficient is a correlation for frictional losses in pipes
that can not be directly obtained through rotational rheometer measurements.
Thus, the correlations suggested by Dodge and Metzner [52] are used to obtain
the skin friction coefficient for laminar and turbulent flows based on the non-
Newtonian fluid model of the slurry. Equation (2.13) shows the Reynolds
number correlation developed by Metzner and Reed [53] for non-Newtonian











Dodge and Metzner also provided an empirical correlation for the fric-
tion factor of power law fluids with 0.36 ≤ n ≤ 1, in smooth pipes with 2900

















Finally, the power, Pp required to overcome the major head losses, hf ,
can be written as,
Pp = hfρX ūAp (2.16)
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where ρX is the density of the algae slurry with concentration X.
2.6 Biomass Energy Pumping and Harvest Effective-
ness
In order to make algae based fuels energetically feasible, the power
required to pump algae slurries from photobioreactor fields to the biorefinery
should be minimized. Equation (2.17) shows the biomass energy transport
rate, Ėb, defined as the amount of energy transported in the algae oil per
volume of algae slurry is given as,
Ėb = QaxoXūAp (2.17)
where Qa is the heating value of the algae oil in (MJ/kg), xo is the weight
fraction of the dry algae biomass that is oil, X is the algae slurry biomass
concentration in (kg/m3), ū is the average fluid velocity, and Ap is the cross
sectional area of the pipe in (m2). The oil content of the algae, xo, depends on
the species of algae as well as the growing and harvesting conditions [54]. Oil
content of algae vary significantly among species, and even for a single species.
Across 14 common algae species the oil content varied from 15 to 75% by dry
weight with an average oil content of about 33% [13]. The average heating
value of algal oil is equal to 37.5 MJ/kg [55].
A non dimensional parameter of bioenergy pumping effectiveness, εp, is







where Ėb is the biomass energy transport rate and Pp is the required pumping
power. Similarly, a non dimensional parameter of the bioenergy harvesting
effectiveness, εh, is defined to assess the biomass energy transported per unit





where Ph is the required harvesting power. To assess the combined effective-






For algal fuels to be energetically feasible, the amount of energy trans-
ferred to the biorefinery in the biomass should exceed the combined power
required to harvest the biomass through a dewatering process and to trans-
port the algae from the cultivation center to the lycing center. Consequently,
the biomass pumping effectiveness εt should be maximized. One method to in-
crease the pumping effectiveness is to increase the algae biomass concentration.
However, increasing the algae concentration by filtration or centrifugation is
energy intensive and increases the viscosity of the algae slurry, resulting in
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increased major head losses and a decrease in effectiveness. This study seeks
to determine the optimal algae concentration that will provide the maximum
power output while minimizing the energy input required, enabling algal fuels
to be an energetically feasible alternative energy source.
Beginning the algae slurry dewatering process with a more concentrated
slurry reduces the power required to harvest the algae. The initial algae con-
centration depends on the specific cultivation method. Raceway ponds opti-
mally yield concentrations of 0.05 kg dry biomass/m3, yet typically yield 0.025
biomass/m3 [13], whereas tubular photobioreactors typically yield concentra-
tions on the order of 2.0 kg dry biomass/m3, with a maximum yield of 5.0 kg
dry biomass/m3 [15]. Attached growth of algal biofilms produces algae slur-
ries with biomass concentrations an order of magnitude larger than tubular
photobioreactors. Johnson and Wen demonstrated that concentrations as high
as 25.65 g dry weight/m2 can be achieved by use of an attached microalgal
cultivation system [56]. Furthermore, Ozkan and Berberoglu achieved con-
centrations of 37 kg/m3 by cultivating an biofilm of Botryococcus braunii in
a algae biofilm photobioreactor [57]. Implemented on a large scale, attached
culturing methods could reduce processing power requirements by removing
intermediate dewatering steps.
Finally, reducing the major losses in a pipe system reduces the pumping
power requirements. Major losses in a pipe are governed by geometry, material,
and condition of the pipe as well as the frictional losses caused by the viscous
nature of algae slurries [23]. The major losses are scaled directly with the
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distance the algae slurry should be transported, L. Therefore this distance
should also be minimized.
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Chapter 3
Experimental Measurement of Rheological
Properties
This chapter details the algae cultivation and sample preparation for
the rheometrical study. The results of the rheological measurements and the
bioenergy pumping and harvesting effectivenesses are presented and discussed.
3.1 Algae Cultivation and Sample Preparation
Nannochloris sp, C. vulgaris, and P. tricornutum were the three algae
species selected for this study. These species were selected since they produce
high levels of lipids, which is the necessary component for producing biofuels.
The three species, which have distinctly different cell properties and morpholo-
gies, were obtained from the culture collection of algae at the University of
Texas at Austin, TX, USA (UTEX). The marine green algae Nannochloris
sp. LB1999 has a lipid content ranging from 31% to 40% by weight [58]. C.
vulgaris, a fresh water green algae, produces lipids at a range of 6% to 42% by
weight [59]. Both Nannochloris sp. and C. vulgaris do not produce apprecia-
ble amounts of EPS and they do not readily self flocculate. P. tricornutum is
a marine diatom with a lipid content that ranges from 21% to 25% by weight
27
[60]. Diatoms differ from other alga species in that each cell is encased with a
frustule made of silica [2].
Table 3.1 summarizes the cultivation medium, medium pH, conduc-
tivity, and average lipid content of each species. All species were cultivated
under an irradiance of 120 µmol/m2s−1 provided by fluorescent light bulbs
(Cool White Plus by Phillips, Netherlands). Samples were taken from an ac-
tively growing culture during its exponential growth phase in order to simulate
the rheology properties seen at cultivation centers and biorefineries. In order
to create a concentrated algae slurry, the suspension was centrifuged at 2000
RPM for 5 minutes (Beckman,Brea, CA, USA, Model J2-21). The supernatant
was collected in a separate container for further analysis of the liquid phase
and the cells were resuspended in fresh medium. Samples having biomass con-
centrations of 0.5, 2.0, 5.0. 10, 20, 40, 60, and 80 kg dry cell/m3 were prepared
by dilutions with fresh nutrient media.
Table 3.1: Algal species properties
Parameter Nannochloris sp. C. vulgaris P. Tricornutum
UTEX number LB 1999 2714 640
Cultivation Medium ASP-M BG11 ASP-M
Medium pH 7.80 7.42 7.83
Conductivity (s/m) 4.59 0.193 2.52
Lipid Content (%w/dry w) 31-40% 6-42% 21-25%
The biomass and cell concentrations were determined by measuring the
optical density (OD) of each sample at 750 nm in a 1 cm path length cuvette us-
ing a spectrophotometer (Agilent Technologies, Santa Clara, CA, USA, model
8453 UV-Vis) and using calibration curves that related the optical density to
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the dry cell weight and number concentrations. The calibration curves were
created by measuring the dry cell weight and number of cells per unit volume
for a given value of OD. Cell number concentration, N , was quantified using a
100µm deep hemacytometer (Hausser Scientific, USA, Model 1490). The dry
weight concentration was determined by first centrifuging and washing the cells
with DI water three times to remove the dissolved salts in the liquid medium.
Then, the samples were dried in an oven at 100◦C over night and weighed using
a precision balance (Mettler, Colombus, OH, USA, Model AB135-S/FACT).
The dried samples were weighed immediately after being removed from the
furnace to prevent rehydrating. Figure 3.1 shows the calibration curves relat-
ing the optical density, OD, to the dry cell weight concentration, X in kg/m3
and the cell number concentration, N in number per/m3 for each species.
Moreover, the cell size distribution and important cell shape parameters
were measured using the image processing software ImageJ [61]. The software
approximates the cells as ellipsoids and reports the primary and secondary
axes as major and minor diameters, respectively. An average of 470 cells were
counted for each sample concentration for an average of 2994 cells per species.
Table 3.2 summarizes the morphological data of the cells for each species.
3.2 Rheometry
Steady shear rate experiments were performed using an ARES-TA
rheometer (TA Instruments, New Castle, DE) with a double wall couette at-
tachment maintained at 25 ◦C. Each measurement was repeated two times.
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Figure 3.1: Calibration curves relating optical density (OD) at 750nm to the
cell number concentration, N and cell dry weight concentration, X for (a)
Nannochloris sp., (b) C. vulgaris, and (c) P. tricornutum.
Strain-controlled steady rate sweep tests were used to measure the effective
viscosity corresponding to a range of shear rates from 5.0 to 280 s−1. This
range corresponds to typical shear rates seen in the field for pumping algae.
During the steady rate sweep tests, the sample is held at the specified shear
rate for 10 seconds, then the torque is measured before the shear rate is swept
up to the following measurement point [3].
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Table 3.2: Geometrical data of selected algal species cells
Parameter Nannochloris C. vulgaris P. Tricornutum
Average major diameter (µm) 5.8 7.9 13.3
Standard deviation of major
diameter (µm)
1.8 1.5 4.9
Average minor diameter (µm) 3.9 6.9 4.9
Standard deviation of minor
diameter (µm)
0.96 1.5 2.5
Circularity 0.64 0.89 0.36
Ferret diameter (µm) 6.3 8.3 15.7
In measuring the rheometrical characteristics, the following assump-
tions were made: (i) the velocity at the walls of the double wall couette cup
is zero, (ii) settling is negligible as less than 1.25% of the total solid biomass
settles over the duration of the experiments [43], (iii) algae are not damaged
during rheometry as judged with optical micrographs of the taken cells before
and after the measurements, (vi) moreover, based on the optical micrographs,
no flocculation of the samples was observed.
3.3 Results and Discussion
All steady rheometrical measurements were performed twice and the
arithmetic average of the results is reported. The maximum standard error
for the shear rate and shear stress were 10% and 6.2% respectively.
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3.3.1 Rheometrical Properties of Algae Slurries
3.3.1.1 Algae Slurry as a Power Law Fluid
Figure 3.2 shows the wall shear stress τw dependence on shear rate γ̇
at dry weight concentrations of 0.5, 2.0, 5.0, 10, 20, 40, 60, and 80 kg/m3. For
all species, the shear stress of the samples with dry weight concentrations of
20 kg/m3 and below increased linearly with increased shear rate, suggesting
they behave as Newtonian fluids. Interestingly, the viscosity of these samples
was approximately 1.1x10−3 Pa-s when a linear curve fit was applied. P.
tricornutum behaved exclusively as a Newtonian fluid, whereas Nannochloris
sp. and C. vulgaris showed non-Newtonian behavior in concentrations of 40
kg/m3 and above. The shear stress of these samples increases with a power
law dependence on shear rate. This behavior is best described by the Power
Law model which fits a power curve to the shear thinning section of the shear
stress versus shear rate plot.
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Figure 3.2: Shear stress, τ , as a function of shear rate, γ̇, for (a) Nannochloris
sp., (b) C. vulgaris, and (c) P. tricornutum.
Table 3.3 summarizes the consistency index, K, and the power law
index, n, for all samples. Samples having biomass concentration less than or
equal to 10 kg/m3 have a power law index of unity, therefore the consistency
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index is equal to the Newtonian viscosity η, of these slurries. C. vulgaris
showed non-Newtonian behavior at biomass concentrations greater than or
equal to 60 kg/m3 and Nannochloris sp showed non-Newtonian behavior at
concentrations greater than or equal to 40 kg/m3. P. tricornutum showed
Newtonian behavior at all biomass concentrations. The regression coefficients
for all linear and power law curve fits was 0.985 and above.
Table 3.3: Power Law Parameters of Nannochloris, C. vulgaris, and P. tricor-
nutum cells
Nannochloris sp































Figure 3.3 shows the effective viscosity, µeff , dependence on shear rate,
γ̇, at dry weight concentrations of 0.5, 2.0, 5.0, 10, 20, 40, 60, and 80 kg/m3
for the three measured species. The reported effective viscosities are the ratio
of the measured wall shear stress versus the instantaneous shear rate. For
all species, the samples with concentrations of 20 kg/m3 and below showed
negligible dependence on shear rate, suggesting they are Newtonian fluids.
However, samples of Nannochloris sp. with concentrations of 40 kg/m3 and
above, and C. vulgaris with dry weight concentrations of 60 kg/m3 and above
demonstrated shear thinning behavior. At these concentrations, the effective
viscosity decreased by a maximum of 76% with increased shear rate.
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Figure 3.3: Effective viscosity, µeff as a function of shear rate, γ̇, for (a)
Nannochloris sp. , (b) C. vulgaris, and (c) P. tricornutum.
Figure 3.4a shows the effective viscosity µeff dependence on concentra-
tion X for all three species at a shear rate of 50 1/s, and figure 3.4b shows the
effective viscosity dependence on concentration at 200 1/s. These shear rates
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represent the low and high ranges of typical shear rates seen at a biorefinery.
The samples with concentrations of 20 kg/m3 and below showed a constant ap-
parent viscosity of 1.1x10−3 Pa-s, with the exception of P. tricornutum which
increased to 1.5x10−3 Pa-s at 20kg/m3. Samples with dry weight concentra-
tions of 40 kg/m3 and above increased significantly with increased concentra-
tion. C. vulgaris shows the largest increase in effective viscosity, reaching a
maximum of 3.3x10−2 Pa-s at a biomass concentration of 80 kg/m3. At both
shear rates, all three species follow a similar relation for the effective viscosity
as a function of concentration, seen in Equation (3.1) where the 90% of the
measured effective viscosities fall within an error of 15%, and a maximum error
of 62% seen by C. vulgaris at 80 kg/m3 at a shear rate of 50 1/s.
µeff = 1.9x10
−5X + 1.0x10−3(Pa-s) (3.1)
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Figure 3.4: Effective viscosity, µeff as a function of dry weight concentrations,
X of Nannochloris sp., C. vulgaris, and P. tricornutum at (a) γ̇=50 1/s and
(b) γ̇=200 1/s.
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3.3.2 Bioenergy Transport Effectiveness
Figure 3.5 shows the bioenergy pumping effectiveness as a function of
dry weight concentration for the following conditions: (i) no elevation change,
(ii) pumping distance L is 1 km, (iii) pipe inner diameter D is 0.15m based
on a 6 inch schedule 40 pipe, (v) average fluid velocity ū of 2.48 m/s which is
the standard maximum fluid velocity for year round processing used to min-
imize erosion [62], (iv) algae oil concentration according to the average lipid
production for each species, namely xo (C. vulgaris) = 22%, xo (Nannochlo-
ris sp.)= 36%, and xo (P. tricornutum)= 23% [58], and (v) no harvesting
power requirements are considered. The three species showed that the bioen-
ergy pumping effectivness εP increased with increasing biomass concentration.
There was a maximum of 75% difference between pumping effectiveness of
the three species at each concentration, where Nannochloris sp. is an aver-
age of 64% higher than C. vulgaris and P. tricornutum. By averaging the
bioenergy pumping effectiveness of the three species at each concentration, an
understanding of power requirements can be obtained. Concentrations of 0.5
kg/m3, typical in raceway ponds, have an average pumping effectiveness of
about 110. This denotes that there is 110 times more energy available from
the transported biomass than the power that was required to transport the
biomass 1km with no elevation change. For a dry biomass concentration of 2.0
kg/m3, typical in photobioreactors, the effectivness increased to an average
of 440. Maximum biomass concentrations available from photobioreactors of
around 5.0 kg/m3 show an average effectivness of 1.0x103. Finally, the effec-
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tiveness of the highest measured concentration in this study of 80 kg/m3 was
1.50x104, suggesting that the optimal biomass pumping effectivness coincides
with maximum dry biomass concentration. Therefore, by cultivating algae as
a biofilm, extra costly dewatering processes may be avoided while still main-
taining an effectivness orders of magnitude higher than that of typical raceway
pond dry weight concentrations.
Figure 3.5: Bioenergy pumping effectiveness, εp as a function of dry biomass
concentration, X. The base case corresponds to L=1000m, D=0.15m,
Qo=3.75 MJ/kg, ū=2.48 m/s, and xo= varies by species.
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In order to maximize energy output, it is important to understand the
sensitivity of the bioenergy pumping effectiveness to each of the controlling
parameters. Figure 3.6 shows how the effectiveness is affected by increasing
and decreasing each parameter up to 10% off the base case of: (i) pumping
distance L of 1km, (ii) pipe inner diameter D of 0.1m, (iii) average oil heating
value Qo of 37.5 MJ/kg, (iv) an average oil concentration of 31% , assuming
Nannochloris sp is the algae species, (v) average fluid velocity of 2.48 m/s,
and (v) biomass concentration X of 20 kg/m3. The figure shows that average
fluid velocity is the most effective way to increase the bioemergy transporta-
tion, however pumping distance, pipe diameter, lipid heating value, average
oil content, and biomass concentration all have a similar magnitude affect on
the effectiveness. In fact, the lipid heating value, lipid content, and biomass
concentraion variations generate identical bioenergy pumping effectiveness val-
ues, thus these values overlap and only one line is displayed for these three
parameters.
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Figure 3.6: Sensitivity of bioenergy pumping effectiveness, εp, of Nannochloris
sp. to length of pipe, L pipe diameter, D, oil heating value, Qo, lipid content
of the cells, xo, the bulk fluid velocity, ū, and the biomass concentration, X.
The base case corresponds to L=1000m, D=0.1m, Qo=3.75 MJ/kg, xo= 31%,
ū=2.48 m/s, and X=20 kg/m3.
Once the harvesting power requirements are included in the bioenergy
transport effectiveness, the effectiveness reduces drastically. Figure 3.7 shows
the total bioenergy transport effectiveness, εt of Nannochloris sp. as a func-
tion of concentration for all of the conditions listed for figure 3.5. Three initial
algae slurry sources are considered: (i) a raceway pond with an initial con-
centration, Xi, of 0.5 kg/m
3, (ii) a photobioreactor with an Xi of 2.0 kg/m
3,
42
and (iii) an attached biofilm photobioreactor with an Xi of 26.3 kg/m
3 based
on the average concentration demonstrated by Ozkan and Berberoglu [57].
Each initial slurry is assumed to be dewatered by one of three methods: (i)
centrifugation, (ii) pressure filtration, or (iii) vacuum filtration. The concen-
tration factor, CF , of each process was determined as the ratio of the final
concentration, X, to the initial concentration, Xi. The dewatering power re-
quirements, D , are listed earlier in this chapter for each process. The figure
illustrates a maximum bioenergy transport depends on the initial algae slurry
source, where the maximum transport effectiveness is highest for the attached
biofilm photobioreactor initial slurry, and lowest for the raceway pond initial
slurry. Also, the maximum bioenergy transport effectiveness increases from
150 for the initial raceway pond slurry and pressure filter dewatering method,
to a maximum of 5.6x103 for the attached biofilm photobioreactor initial slurry
and a final concentration of 20 kg/m3m, which does not require dewatering.
Furthermore, the total bioenergy transport effectiveness reaches a plateau for
each slurry/process combination at a final concentration of 20 kg/m3, or soon
after the maximum has been reached. Repeating this exercise for C. vulgaris
and P. tricornutum yields similar trends.
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Figure 3.7: Total biomass energy transport effectiveness, εt as a function of
concentration , X, of Nannochloris sp. with algae slurries from (i) raceway
ponds, Xi=0.5 kg/m
3, (ii) a photobioreactor, Xi= 2 kg/m
3, and (iii) an at-
tached biofilm where Xi=26.3 kg/m
3. Each slurry is dewatered using (i) vac-
uum filter, (ii) pressure filter, and (iii) centrifuge.
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Chapter 4
Modeling of Rheological Properties
Development and validation of a mathematical model proves useful for
describing the effective viscosity of different types of algal slurries based solely
on the geometrical and surface properties of the algal cells. This chapter uses
the rheological model proposed by Snabre et al. to predict the effective viscos-
ity of the algae slurries and compares the predictions with the experimental
data obtained for Nannocloris sp, C.vulgaris, and P. tricornutum in Chapter
3.
4.1 The Rheological Model of Concentrated Slurries of
Viscoelastic Particles
Snabre et al. developed a relationship predicting the relative viscosity,
defined as the viscosity of the entire suspension over the viscosity of the liquid
medium in which the particles are suspended, based on the viscoelastic prop-
erties of the cell and the volumetric packing factor φ, defined in Chapter 3.
The relationship is based on the Kelvin-Voigt model, which models the fluid
as a perfect spring and damper in parallel, and takes into account the stresses
exerted on the viscoelastic particle by the surrounding medium [39]. Snabre
et al. modeled three types of particulate suspensions, namely (i) suspensions
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of rigid spherical particles, (ii) diluted suspensions of viscoelastic particles,
and (iii) concentrated suspensions of viscoelastic particles. All three corre-
lations stemmed from the analysis of a viscoelastic particle in a shear flow,
illustrated in Figure 4.1. However, we will not utilize the suspensions of hard
spheres model since algal cells are viscoelastic particles that are rarely purely
spherical [2].
Figure 4.1: Deformation of a particle in shear flow
The stress on the particle is defined as σ = µoγ sin(2Ψ) where µo is the
viscosity of the nutrient media and Ψ is the angular position. Snabre et al.
then uses this information to derive the ∈xx and ∈xy components of the stress
tensor along Ψ=0 and Ψ=π/4 respectively as,






Ω = γ̇θ (4.2)
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where µp is the viscosity of the particle and Ω is the Deborah number. The
Deborah number, which is the dimensionless product of the shear rate, γ̇ and
the suspensions relaxation time, θ, is commonly used to describe how closely
the behavior of the suspension resembles a fluid as opposed to a solid, where
smaller Deborah numbers indicate more fluid-like suspensions. Newtonian
fluids demonstrate a Deborah number of 1.0 since the fluid relaxes at the
same rate as the deformation [25].
Incorporating the shear stress effects on elastic particles with the Kevin







where φ∗ is the maximum packing factor, and β is a constant related to the
flow type [39]. The suspension is considered dilute when the particles are less
than one radius away from the neighboring particles, while the suspension is
concentrated when the particles are closer than one particle away from the
neighboring particle. The maximum packing factor is the largest theoreti-
cal packing factor possible based on the given geometry of the particles. For
spheres, the maximum packing factor, φ∗ is 4/7 [38]. Man et al. used ex-
perimentation and numerical modeling to verify the φ∗ for prolates can reach
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φ∗=3/4 [40].
Finally, Snabre et al. developed the transcendental correlation to deter-















4.2 Adaptation of the Model for Algae Slurries
In order to apply this model to the effective viscosity of algal slurries, we
first calculated the packing factor φ. From the calibration curves (Figure 3.1
from Chapter 3) we can relate the mass density, X, to the cell number density,
N , through the optical density, (OD), of the slurry. Then, using geometrical
data from Table 3.2, the average volume of the cells from each species can






where Vi is the volume per cell of size “i” in m
3, ni is the number of cells
of size “i” , and Ntot is the total number of cells per unit volume of slurry in
#/m3. For this study, the maximum packing factor was assumed to be φ∗=3/4
for Nannochloris sp. and P. tricornutum since these species resemble prolate
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geometry. The maximum packing factor for C. vulgaris should have been
φ∗=4/7 based on the nearly spherical geometry. However, when the packing
factor was calculated for each dry biomass concentration using equation (4.6),
the largest observed packing factor was φ∗=0.87. Optical micrographs of high
concentrations of C. vulgaris slurries showed that the cells deformed and were
no longer spherical. Therefore, this value was used in the dilute suspension
and concentrated suspension models to estimate the effective viscosity of C.
vulgaris.
Table 4.1: Packing Factor of Nannochloris sp, C. vulgaris, and P. tricornutum
Dry Biomass Concen-
tration, X (kg/m3)
φ, Nannochloris sp. φ, C. vul-
garis
φ, P. Tricornutum
0.5 0.00 0.01 0.00
2.0 0.01 0.02 0.02
5.0 0.03 0.05 0.04
10 0.07 0.11 0.08
20 0.13 0.22 0.16
40 0.27 0.44 0.31
60 0.40 0.65 0.47
80 0.54 0.87 0.63
Since the values of β, the Deborah number Ω, and µp have not been
measured for algal cells, we use the properties of red blood cells to approximate
these properties. Both microalgal cells and red blood cells are eukaryotic cells
with a cell membrane with a major diameter of about 10 µm. Therefore,
viscosity of the particles in the suspension, µp is approximated to 6.0x10
−3 Pa-
s based on the particle viscosity of red blood cells [63], and the flow coefficient
β was approximated to 0.3. Finally, for non-Newtonian power law fluids the
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Deborah number can be approximated to Ω=(θγ̇)(1−n), where n is the behavior
index of the algal slurry [25]. When n=1, the fluid is Newtonian and Ω=1.
The relaxation time of algal cells, which varies with shear rate, has not
yet been measured. However, a characteristic relaxation time can be used as
an approximation and is evaluated as θo=µc/G where µc is the characteristic
surface viscosity and G is the viscoelastic modulus of the algal cell. The
viscoelastic modulus can be measured using atomic force microscopy on an
individual cell [64]. For this study, we assume the characteristic relaxation
time to be θo=0.1 as with red blood cells [63, 65]. Finally, since the model
generates a relative viscosity, the model output was multiplied by the effective
viscosity of the nutrient medium to find the effective viscosity of the slurry.
The effective viscosity of the medium in this study is 1.0x10−3 Pa-s, based on
the experimentally measured mediums from Chapter 3.
4.3 Results of the Model for Algae Slurries
Implementing the dilute suspension and concentrated suspension of vis-
coelastic particles correlations, Equations (4.4) and (4.5) respectively, to each
of the slurries investigated in this study, the experimental measurements vary
from the model approximations by an average error of 18% with a maximum
error of 99%. Overall, the concentrated suspension model is slightly more accu-
rate than the dilute suspension model, with an average error of 16% compared
with an average error of 20% from the dilute suspension model. Furthermore,
the calculated error of the dilute and concentrated models was less than 10%
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for all simulations.
Figure 4.2 shows the effective viscosity of Nannochloris sp. calculated
from the dilute and concentrated effective viscosity models, as well as the
experimentally measured effective viscosity at shear rates of 50 and 200 1/s,
as a function of dry biomass concentration, X. The experimentally measured
effective viscosities of slurries with concentrations of 10kg/m3 and below agree
within 4% to both the dilute suspension and concentrated suspension models.
However, slurries with concentrations of 20 kg/m3 and above typically fall
between the models. Interestingly, low concentrations of 20 kg/m3 and below
correspond more closely to the concentrated model than the dilute model.
Experimentally measured effective viscosities from both shear rates align more
closely with the concentrated suspension model, with an average error of 17%,
as opposed to the average error of 40% when compared to the dilute suspension
model. Concentrations of 60 kg/m3 and above exhibit calculted packing factors
greater than 0.3 and show non-Newtonian behavior which could explain the
large deviation from the modeled values.
Figure 4.3 shows the effective viscosity of C. vulgaris calculated from
the dilute and concentrated effective viscosity models, as well as the exper-
imentally measured effective viscosity at shear rates of 50 and 200 1/s as a
function of dry biomass concentration, X. C. vulgaris exhibited similar be-
havior to Nannochloris sp. in that the models agreed with the experimentally
measured effective viscosities for slurries with concentrations of 10 kg/m3 and
below with an average error of 4%. Similarly, the C. vulgaris slurries with con-
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Figure 4.2: Experimental and modeled effective viscosity, µeff . as a function
of dry biomass concentration, X for Nannochloris sp. for (a) low concentration
slurries and (b) high concentration slurries.
centrations of 20 kg/m3 and above fell between the dilute and concentrated
suspension models. The experimentally measured effective viscosities corre-
sponding to shear rate of 50 1/s correlate more closely to the concentrated
suspension model shows an average error of 19%, as opposed to the average
error of 31% when compared to the dilute suspension model. Whereas the
experimentally measured effective viscosities corresponding to a shear rate of
200 1/s correlate more closely to the dilute suspension model with an average
error of 21%, as opposed to the average error of 42% when compared to the
concentrated suspension model.
Figure 4.4 shows the effective viscosity, µeff of P. tricornutum calcu-
lated from the dilute and concentrated effective viscosity models, as well as
52
Figure 4.3: Experimental and modeled effective viscosity, µeff . as a function of
dry biomass concentration, X for C. vulgaris for (a) low concentration slurries
and (b) high concentration slurries.
the experimentally measured effective viscosity averaged over the entire shear
rate range, as a function of dry biomass concentration, X. The average ex-
perimentally measured effective viscosity is used here because P. tricornutum
slurries are Newtonian fluids that are not shear rate dependent. The exper-
imentally measured effective viscosities of slurries with concentrations of 20
kg/m3 and below correspond nearly identically with the concentrated suspen-
sion model values. As the concentration increases to 40 kg/m3 and above the
experimental effective viscosities once again fall between the dilute suspension
and concentrated suspension models.
Both the dilute and concentrated suspension model have strong de-
pendence on the packing factor, φ, the maximum packing factor, φ∗, and the
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Figure 4.4: Experimental and modeled effective viscosity, µeff . as a function
of dry biomass concentration, X for P. tricornutum for (a) low concentration
slurries and (b) high concentration slurries.
medium viscosity, µo. A 10% perterbation of these parameters changes the pre-
dicted effective viscosity by as much as 50%. Both correlations have a lesser
dependence on the particle viscosity, µp, and the flow coefficient, β. Perterbing
these values by an order of magnitude causes less than a 20% change in the
predicted effective viscosity. Therefore, maximum precision should be used
when calculating the packing factor. Further, the maximum packing factor
should be carefully chosen based on the geometry of the algae cell.
Considering all three species, both models accurately predict the effec-
tive viscosity for dry weight concentrations of 20 kg/m3 and below with an
average error of 4%. These samples all exhibit a packing factor of φ ≤0.25.
As was discussed in Chapter 2, particulate suspensions with packing factors
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greater than 0.3 may result in non-Newtonian shear thinning behavior [38, 39].
Therefore, the above assumptions implemented to employ these models may
be invalid for the concentrations above φ=0.3. Also, both models are a func-
tion of packing factor, medium viscosity, particle viscosity, and the Deborah
number. Many other factors that affect the rheology of algae slurries have not
been considered in the creation of this model. A model more suitable for algae
slurries would include the surface properties and viscoelastic modulus of the
algal cells, as well as the EPS concentration of the algae slurry. The surface
properties of the algal cells include the surface charge, Van der Waals forces,




This thesis has presented experimental measurements and modeling of
the rheological properties of the oil producing algae species Nannochloris sp.,
C. vulgaris, and P. tricornutum. Such data are difficult to predict theoretically
and are essential to the design and scaling of industrial systems for microorgan-
ism cultivation as well as biofuel production. In addition, a non-dimensional
parameter for the bioenergy pumping effectiveness, bioenergy harvesting ef-
fectiveness, and the total bioenergy transport effectiveness has been defined
to facilitate a more complete understanding of the energetic feasibility of the
algal fuel life cycle.
The rheology of algae slurries was analyzed using two methods: (i)
rotational rheometer measurements, and (ii) theoretical models of dilute and
concentrated particulate suspensions. The rotational rheometer directly mea-
sured the shear stress and recorded the induced shear strain. Therefore, this
was the more accurate of the two methods. The theoretical models did not
accurately predict the effective viscosities for concentrated slurries, or those
with concentrations above 20 kg/m3. Therefore, the theoretical models are
not the preferred methods for determining the rheological properties of algae
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slurries.
The conclusions drawn from this study are:
1. Experimental results establish that dry weight concentrations typically
seen in raceway ponds and photobioreactors, or concentrations below 10
kg/m3, behave as Newtonian fluids with a dynamic viscosity of approx-
imately 1.1x10−3 Pa-s, which is similar to that of water.
2. For algae slurries with a dry biomass concentration of 20 kg/m3 and
above, the effective viscosity increased with increasing concentration at
a rate of approximately 2x10−5 Pa-s per kg/m3 increase.
3. The results also show that slurry concentrations for Nannochloris sp.
and C. vulgaris, above 40 kg/m3 and 60 kg/m3 respectively, are non-
Newtonian shear thinning fluids with viscosities higher than that of wa-
ter. C. vulgaris showed the highest effective viscosity of 3.5x10−2 Pa-s
for a concentration of 80 kg/m3. Nannochloris sp. showed a maximum
effective viscosity of 3.3x10−3 Pa-s for a concentration of 80 kg/m3
4. The algae species P. tricornutum displayed purely Newtonian behavior,
where the effective viscosity increased with increasing concentration to
a maximum of 2.7x10−3Pa-s for a concentration of 80 kg/m3.
5. The study shows that the bioenergy harvesting effectiveness is highest for
the pressure filter dewatering process and lowest for the centrifugation
dewatering process. Further, algae slurries cultivated as a biofilm, or
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with an initial concentration of around 25 kg/m3 require less dewatering
power and provide the highest bioenergy harvesting effectiveness.
6. The total bioenergy effectiveness for dewatered slurries that originate
with concentrations of 0.5, 2.0, and 26.5 kg/m3 increases with increasing
final concentration until reach a plateau. The plateau typically occurs
at a final concentration of 10 kg/m3 higher than the originating concen-
tration.
7. Algae slurries adhere to the non-Newtonian theory that suspensions with
a packing factor greater than 0.3 display non-Newtonian shear thinning
behavior.
The following recommendations are made to advance the current re-
search.
1. For this study, the Fanning friction factor was estimated using published
correlations. However, construction and use of a flow rheometer to di-
rectly measure the Fanning friction factor would increase the accuracy
of the major loss calculations in this study. Further, the flow rheometer
allows wall slip effects to be observed and quantified.
2. The microalgae species used in this study are all unicellular species with
negligible EPS production. Species such as Bottryococcus braunii, which
is a known high EPS producer, should also be analyzed for rheological
properties. Additional types of species, such as filamentous algae, should
58
be included to understand the effect of geometry changes on algae slurry
rheology.
3. The model implemented in this study did not accurately predict the ef-
fective viscosity for concentrated algae slurries, or slurries with concen-
trations of 20 kg/m3 and above. Therefore, an improved model should
be generated that takes into account more of the properties of the algal
cell such as: (i) the viscoelastic modulus of the algal cell, and (ii) the
surface properties of the cell such as the surface charge, Van der Waals
forces, double layer thickness, and the acid base interactions of the cells.
4. Finally, the viscoelastic properties of the slurry were not measured in
this study. Comparing measured viscoelastic properties of the algal cells
to the viscoelastic modulus of the slurry will give rise to correlations that
can improve the model outlined in point 3. These data can be obtained
from oscillatory tests conducted on the rotational rheometer operated in















NaCl —— 23.38 g 4.0 x 10−1
KCl —— 0.75 g 1.0 x 10−2
CaCl2 —— 1.120 g 1.0 x 10
−2
NaHCO3 —— 0.168 g 2.0 x 10
−3
MgSO4 - 7H2O —— 4.930 g 2.0 x 10
−2
MgCl2 - 4H2O —— 4.060 g 2.0 x 10
−2
NaNO3 85.0 1 mL 1.0 x 10
−3
NaH2PO4 - H2O 13.8 1 mL 1.0 x 10
−4
Na2SiO3 - 9H2O 56.8 1 mL 1.0 x 10
−4
Fe-EDTA 84.2 0.1 mL 2.0 x 10−6
Tris base —— 0.606 g 5.0 x 10−3
Glyculglycine —— 0.660 g 5.0 x 10−3
TSM-I solutaion —— 1 mL ——-
TSM-II solution —— 1 mL ——
S3 vitamin solution —— 1 mL ——
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A.2 BG-11
Table A.2: Recipe for BG-11 medium by Allen 1968, Allen and Stanier 1968,
and Rippka et al. 1979 [2]. Add the following ingredients to 900 mL of dionized







Citric acid 6 1 mL 3.12 x 10−5
Ferric ammonium citrate 6 1 mL 3.0 x 10−5
CaCl2 —— 1.5 g 1.76 x 10
−2
NaHCO3 40 1 mL 1.75 x 10
−4
MgSO4 - 7H2O 75 1 mL 3.04 x 10
−4
MgCl2 - 4H2O 36 1 mL 2.45 x 10
−4
NaNO3 20 1 mL 1.89 x 10
−4
NaH2PO4 - H2O 1.0 1 mL 2.79 x 10
−6
trace metals solution (see
recipe)
1 mL —–
Table A.3: Recipe for trace metals solution A5 + Co [2]. Add the following







H3BO3 —— 2.860 g 4.63 x 10
−5
MnCl2 - 4H2O —— 1.810 g 9.15 x 10
−6
ZnSO4- 7H2O —— 0.220 g 7.65 x 10
−7
CuSO4- 5H2O 79.0 1 mL 3.16 x 10
−7
Na2MoO4- 2H2O —— 0.391 g 1.61 x 10
−6





ImageJ is a very useful image processing software that was used in this
study to quantify the geometry of each algae species. ImageJ is a free software
that is based on Java, therefore it can run on Linux, Mac OS X and Windows
in 32 and 64 bit-modes. Also, the software is compatible with a variety of
file types including GIF, JPEG, PNG, BMP, FITS, and ASCII [61]. In this
study, version 1.42q was used to find the cell number and size distribution.
The procedures are outlined as follows:
B.1 Determining Cell Number Density and Size Distri-
bution with ImageJ Software
In order to determine the cell number density of an algae slurry, one
should first cultivate the slurry with the method found in chapter 3, then using
a 100µm deep hemacytometer (Hausser Scientific, USA, Model 1490), at least
10 images of the algae cells should be captured using an optical micrograph.
The images must include a length scale for reference. Figure B.1 shows an
example of an acceptable micrograph.
Once the images are captured, ImageJ should be used to open each
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Figure B.1: Optical micrograph of C. vulgaris for use with determining cell
number density
picture. The following process should be followed:
1. Set the global scale of the picture by using the “straight lines selections
tool” from the toolbar. Draw a line the length of the scale bar on the
micrograph. Then, select “Analyze”, “Set Scale”. Type in the “known
distance” of the scale bar and enter the appropriate units in “unit of
length”. Check the “global” box and press enter. The scale is now set
for all images opened after this point.
2. Using the “rectangular selections” tool from the toolbar, draw a box
around the scale bar and select the “Edit” menu and press “clear”. Re-
peat this process for any other parts of the image you do not wish to be
counted.
64
3. From the “Image” folder, select “Adjust” then “Threshold”. A window,
(shown in figure B.2), will appear which allows you to alter the binary
threshold limit. Adjust the bar until each cell that you desire to be
counted has filled in red. An example is shown in figure B.3. Press
“Apply” when you are satisfied with the results. The final image should
look something like figure B.4
4. To dictate which measurements will be recorded, select “Analyze” from
the toolbar and select “Set Measurements”. In this study, “area”, “shape
descriptors”, and “Ferret angle” were selected. Press “Ok”.
5. Select “Analyze” from the toolbar and select “Measure”. A results win-
dow will appear that can be directly copied and pasted into excel.
Once this process is repeated for each image, the average number of
cells per image can be determined. In order to determine the volume of the
slurry in the image, the length and width dimensions from the image can be
measured with the straight lines selections tool. The depth of the image is
found from the hemacytometer specifications sheet. Therefore, the number of
cells per volume can be determined. The above procedure also records the
geometrical data of the cells which divulges the cell shape distribution.
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Figure B.2: ImageJ threshold menu
Figure B.3: Micrograph image during threshold setting step
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C.1 ARES TA Rheometer
The rotational rheometer is located at the University of Texas Petroleum
Engineering Building, PGE 4.164. Dr. Do Hoon Kim is responsible for its use
and all users must first be trained with him before using the device without su-
pervision. The ARES TA rheometer has several attachments: cone and plate
geometry, couette cup and bob, double wall couette cup and bob, parallel plate
geometry, and cup and vane geometry. For this study, the double wall couette
cup and bob geometry was used. The geometry is illustrated in figure C.1
where r1=14mm, r2=14.75mm, r3=16mm, r4=17mm, and L=32mm.
The vane geometry may become useful if the algae slurries reach a
concentration where a yield stress is observed. The vane geometry is illustrated
in figure C.2. However, the vane should not be used when the fluid does not
demonstrate yield stress or the viscosity is less than around 50cp. Use of this
attachment in this viscosity range will not yield quality data.
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Figure C.1: Double Wall Couette attachment geometry for the ARES TA-
Rheometer [3]
C.2 Sample Loading Protocol
Instructions for installation of the double wall couette tool on the ARES
TA-Rheometer can be found in the users manual and are reproduced here [3]:
1. Assemble the lower tool (cup) by installing the inner cup into the outer
cup using the mounting screw provided. Make sure the o-ring is present,
clean, and free of defects.
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Figure C.2: Vane geometry for the ARES TA-Rheometer [3]
2. Select the Set Gap/Instrument Control function under the Control menu
in Orchestrator. Use ”Send to Top” button to raise the stage to the
loading position.
3. Verify that the motor is on then mount the upper tool on the transducer
shaft and lower tool and PRT into the properly installed fluid bath.
4. Using the Set Gap/Instrument Control function in Orchestrator, zero the
normal force and torque on the motor using the ”Offset Normal Force
to Zero” and ”Offset Torque to Zero” buttons.
5. Using the manual stage control buttons, lower the stage until the upper
surface of the bob is below the upper surface of the cup.
6. Place a straight edge across the upper surface of the cup. While mon-
itoring the normal force, raise the stage slowly until the upper surface
of the bob touches the straight edge. There will be a visible increase in
normal force when the bob contacts the straight edge.
7. Zero the gap using the ”Zero Indicator” button in the Set Gap/Instrument
Control function.
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8. Raise the stage to provide sufficient room for sample loading.
C.3 Steady Test Protocol
Steady rate sweep tests measure the shear response of a steady applied
strain rate that “sweeps” over a range. The strain rate should have a pre-
shear time of 10 seconds for most algae slurries. The rheometer will sweep
the rate up to the first measurement point, then maintain the shear rate for
10 seconds before a shear stress measurement is taken. This is to ensure the
fluid has completed its transient response from the increasing shear rate and
is in steady state. The parameters that the user inputs to the steady test are:
(i) pre-shear time, (ii) pre-sampling time, (iii) range of shear strain rates, and
(iv) sampling points per decade. The input menu can be seen in Figure C.3.
The pre-shear time and pre-sampling time vary for fluids with different
rheological properties. However, an appropriate input for these times can
be estimated using the step rate transient test. The step rate transient test
induces a sudden step increase in strain rate and measures the shear stress on
the fluid over the response time. When the step increase is applied, the fluid
will have a delayed response to the shear rate increase where a shear stress
is applied to the transducer. The fluid will then overshoot the shear strain
rate, and eventually dampen to the applied strain rate. The time between the
initial step increase in shear strain rate and the fully damped steady flow is
the characteristic time that should be input to the pre-shear and pre-sampling
times. The process can be repeated for low range and high range shear strain
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Figure C.3: Input menu for the steady shear rate sweep test on the ARES TA
rheometer.
rate step increases and applied to the steady rate sweep test tests. The input
menu can be seen in Figure C.4.
The range of shear rates and sampling points per decade should be
chosen based on the intended use for the data. If the objective of the mea-
surements is to obtain a general understanding of the fluid properties, a large
shear strain rate range with very few (usually less than 5) sampling points per
decade should be chosen. However, if the data will be used to generate or fit a
model, a minimum of 10 points per decade should be taken and the shear strain
rate should correspond to the expected flow conditions of the fluid. Finally,
each attachment has a range of shear strain rates and viscosities where mea-
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Figure C.4: Input menu for the steady shear rate sweep test on the ARES TA
rheometer.
surements will yield quality data. For instance, utilizing a double wall couette
attachment to measure low viscosity fluids such as water will only produce
accurate results between shear rates of about 1-300 1/s. However, the vane
attachment will only yield quality data for fluids above about 5.0x10−2 Pa-s.
The user should investigate the appropriate range before using the attachment.
C.4 Dynamic Test Protocol
In order to determine the viscoelastic properties of the algae slurries,
oscillatory measurements should be performed with the rotational rheometer.
These tests can be found under the “dynamic” test menu seen in Figure C.5.
Three different tests should be iterated until a linear viscoelastic range (LVER)
of shear rates is found, corresponding to an input oscillatory frequency, that
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does imparts no structural deformation to the cell. All three tests measure
the elastic modulus, G’, and the viscous modulus, G”, and must be completed
in order, namely: (i) dynamic strain sweep test, (ii) dynamic frequency sweep
test, and finally (iii) the dynamic time sweep test.
Figure C.5: Edit test menu showing the dynamic test options.
1. First, the dynamic strain sweep test should be performed at a “low” and
“high” shear rate. These shear rates are not specified and some iteration
is required to find the correct frequency range. A successful test will
yield a region of zero slope on the G’ and G” versus strain rate graph.
This region is termed the linear viscoelastic range, since the viscous and
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elastic moduli are linear in this range of shear rates. Several frequencies
may need to be attempted before a LVER is found. Figure C.6 shows
the option menu for the dynamic strain sweep test.
Figure C.6: Option menu for the dynamic strain sweep test for oscillatory
testing.
2. Once the LVER is established, the dynamic frequency rate sweep test
may be performed. The test fixes the shear strain rate, which should be
a value inside the linear viscoelastic range, while sweeping the frequency
from a “low” to a “high” frequency while measuring G’ and G” as a
function of oscillatory frequency. Again the “low” and “high” frequencies
must be initially approximated, then iterated until an appropriate range
is found. Figure C.7 shows the option menu for the dynamic frequency
sweep test.
3. Finally, once a LVER and frequency are determined that do not struc-
turally deform the cells, the viscous and elastic moduli can be measured
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Figure C.7: Option menu for the dynamic frequency sweep test for oscillatory
testing.
as a function of time using the dynamic time sweep test. The result-
ing slope describes the viscoelastic properties of the particles within the
slurry.
The plot of the elastic modulus G’ and the viscous modulus, G”, as
a function of time can be interpreted using information found in the “Slurry
Viscoelastic Modulus” subsection of Chapter 2.
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In order to accurately predict the power required to pump a fluid
through pipes, experimental data of the skin friction coefficient, f , is required.
However, this data can not be measured directly using the rotational rheome-
ter. Thus, a flow rheometer was constructed that can accommodate pipes
with different diameters and materials such as metal and plastic tubing. With
this tool, the pipe geometry and the pressure drop, ∆P , can be used to cal-





















The flow rheometer, depicted in figure 4.1, consists of (i) a constant
head steady flow system, (ii) a test section, and (iii) a data acquisition system
to measure pressure drop across the test section.
Figure 4.1: The schematic of the flow rheometer.
Constant Head Steady Flow System
The constant head steady flow system can be constructed from a lexan
tube, with a rubber stopper holding the fluid inside. Through the stopper,
79
stainless steel tubes maintain the fluid level in the container, while allowing
a constant head to be supplied to the test section. The volumetric pump
increases the head of the fluid from a reservoir immediately following the outlet
from the test section up to the level of the lexan reservoir. The lexan reservoir
is attached to a steel c-channel piller, so the head of the system can be easily
adjusted by altering the vertical position of the reservoir. A pump should be
chosen that does not harm the particulates which flow through it. In the case
of algae slurries, a diaphragm pump (Shurflo, Cypress, CA, model 75420-10)
was chosen.
Test Section
The test section was chosen with care to prevent minor losses caused by
sudden contracts, expansions, and geometry changes of the pipe. Therefore,
compression tee fittings with inner diameters within 10% of the inner diemeters
of the test section were chosen. The flow follows the run through direction of
the tee, while the perpendicular direction of the tee holds the input flow to the
differential pressure sensor. This geometry resulted in negligible minor losses
through the test section. The material and length of the test section pipe can
be easily changed while taking care to maintain low geometrical changes.
In order to assure the flow is fully developed before entering the test
section, we ensured that the pipe leading from the constant head reservoir to
the test section was longer than the fully developed length, Le=0.06 Re D.
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Data Acquisition Setup
The parameters of the experiment that require measurement include:
(i) pipe diameter, (ii) test section length, (iii) flow rate, and (iv) pressure drop
across the test section. All other values necessary to calculate the effective
viscosity and friction factor for the fluid can be calculated from these values by
equations (4.1-4.4). The pipe diameter and test section length can be measured
directly using micro-calipers. The flow rate should be measured three times
before recording the pressure drop, and once after to assure the flow rate has
not changed during data acquisition. In order to measure the flow rate, a small
beaker and a portable scale (Ohaus, Bradford, Ma, model ScoutPro 4000g) are
required. Finally, a differential pressure transducer (Omega, Stamford, CT,
Model PX26-5DV) was connected to the pressure taps at either end of the test
section. The pressure transducer required an input voltage of 10 Volts in order
to create an output signal. Voltage was provided to the transducer through
an Agilent DC power supply (Agilent, Santa Clara, CA, Model E3642A). The
output voltage signal was recorded using an Omega personal data acquisition
module (Omega, Stamford, CT, Model OMB-DAQ56) along with the data
acquisition software Personal DataView.
4.2 Rheometer Calibration
The rheometer is calibrated in several steps, namely: (i) calibration of
the differential pressure transducer, (ii) careful measurement of the test section
geometry, and finally (iii) real time calibration of volumetric flow rate before
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and after each measurement.
Calibration of Differential Pressure Transducer
The differential pressure transducer must be calibrated before installa-
tion to the test section. The pressure transducer consists of two 1/4 inch outer
diameter ports that can accept wet or dry inputs. A diaphragm separates the
ports that generates a signal that can be calibrated to measure pressure dif-
ferentials. Port 1, seen in figure 4.2, should always have the high pressure
input, while Port 2 should be connected to the low pressure input. In order to
calibrate the sensor, it must first be supplied at 10V DV voltage from a power
source. Also, it must be connected to the data acquisition device. Then,
Port 1 should be connected to either a wall mount manometer, or a U-tube
manometer that can be used to induce a pressure, while Port 2 remains open
to the atmosphere. The manometer should be chosen with care such that the
pressure range of the manometer covers the expected low and high pressures
created in the test section. Once a manometer has been connected to Port 1,
a pressure should be induced on the differential pressure transducer and the
output voltage displayed by the data acquisition device should be recorded.
Repeat this process over the expected pressure range of the transducer. Then,
plotting the data on a pressure vs. voltage graph will produce a correlation
that can be used in the test section to calculate voltage.
Uncertainty of the pressure transducer calibration can be calculated
using equation 4.5, where Pi,m is an individual pressure measurement at the
82
Figure 4.2: Technical drawing of PX26 differential pressure sensor.
given voltage, and Pi,c is an individual pressure calculated from the correlation,










Measurement of Test Section Geometry
The viscosity calculation from the rheometer is highly sensitive to the
calculated shear rate, which is in turn sensitive to the geometry of the pipe. In
order to accurately measure the test section geometry, two methods should be
implemented and the results compared: (i) direct measurement with calipers,
or (ii) high resolution photography of the pipe inner diameter and test section
length and analyzed through ImageJ software. Method (i) is straight forward
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and will not be discussed. Method (ii) requires that a high resolution image
be taken of both the end face of the pipe, taking care to be totally normal
to the end plane so an accurate measurement can be taken, and the length of
the pipe. Both pictures should include a known distance measurement. For
instance, a pair of digital calipers set to an arbitrary length, so when analysis
of the picture takes place each picture will have a scale. Then, image analysis
techniques discussed in Appendix B to measure the diameter and length of
the pipe. The uncertainty of these measurements is half of the resolution of
the measuring device.
Calibration of Volumetric Flow Rate
The volumetric flow rate should be measured three times proceeding
each pressure drop measurement. First, allow the flow to reach a steady con-
dition and zero out the scale with the dry beaker. Then, allow the flow to pour
into the beaker for at least 40 seconds, recording the time interval. Finally,
weigh the beaker and fluid to determine the mass of the fluid. The mass flow
rate, along with knowledge of the pipe diameter, are then used to calculate
the volumetric flow rate and shear rate (equation 4.3). An additional flow rate
measurement should be performed after the pressure drop measurement in or-
der to ensure the flow did not change during the course of the measurement.
The density of the fluid is sensitive to its temperature. Therefore, the temper-
ature should be continuously measured and recorded during the experiment
so an accurate volumetric flow rate can be calculated.
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Wall Slip
The presence of a slip velocity at the wall can be determined using the
method outlined in the Wall Slip section of Chapter 3.
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